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ABSTRACT

Background: Methods for obtaining real-time in-vivo histologic resolution non-invasive endoscopic optical
imaging would be a major advance for pulmonary diagnostics and treatment in civilian and military medical
applications. Optical coherence tomography (OCT) is a rapidly evolving technology based on near infrared
interferometry that may provide these capabilities. Purpose: The purpose of this study is to evaluate the
feasibility of using OCT for detecting airway pathology in a septic animal model. Methods: Tracheas of New
Zealand white rabbits were inoculated endobronchially with varying concentrations of live Streptococcus
pneumoniae bacteria. After development of pneumonia/sepsis, the animals were sacrificed. OCT tracheal
images and subsequent histological preparations of these experimental animals were compared to control
rabbit tracheas for morphological features and quantitative tracheal mucosal thicknesses measurements.
Results: Results revealed significant airway mucosal thickening in the experimental group consistent with
tracheal edema. Morphological changes, including epithelial sloughing and glandular proliferation, were
evident in regions of the experimental tracheas. Conclusions: This study suggests that OCT is a potentially
valuable imaging modality capable of evaluating superficial airway pathology with high resolution in-vivo.
Numerous applications of OCT can be envisioned in the realm of combat casualty medicine and may
substantially increase the precision and accuracy of current bronchoscopic diagnostic techniques.
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INTRODUCTION

Rapid and accurate evaluation of airway pathologic changes is paramount for minimizing morbidity and
mortality in conditions such as acute burn or inhalation injury'”’. Until now, assessment for proper clinical
management relied primarily on visualization of abnormalities, during endoscopic biopsy or on frozen
sections sent to pathology, and gross inspection at surgery. A means to obtain real-time non-invasive
histologic imaging would aid in diagnosis, prognosis, and help to ensure higher yield biopsy samples, save
operating time, and may also help avoid unnecessary interventions or repeated procedures.

Optical Coherence Tomography (OCT) is emerging as a new rapid acquisition high-resolution imaging
modality that provides capabilities for real-time near histologic level evaluation®. In attempting to approach
the concept of “optical biopsy”, OCT offers the potential for surface and subsurface optical imaging (up to a
depth of 1-3 mm) with high spatial resolution of tissue microstructure, without requiring contact between the
optical probe and the tissue sample ° '*'?. Tissue layers, glands, small blood vessels, and cartilage can be
visualized with resolutions approaching 10 micrometers with the use of superluminescent diode (SLD) laser
prototype systems "> '*'°. These technologies, in combination with minimally invasive techniques, can be
applied in combat casualty care to evaluate and examine tissue depth and level of injury, provide prognostic
information, as well as a means to assess response to therapy, and potentially minimize the need for frozen
sections or the uncertainties associated with gross examination ' '7 '*1°,

The purpose of this study was to investigate the potential utility of OCT in detecting airway pathology in
acute injury. In order to demonstrate this concept, an animal model of airway disease was employed in which
the airways of rabbits were inoculated with live Streptococcus pneumoniae bacteria. Previous studies with
animals have found that bacterial lung infection—and specifically infection with pneumococcus—induces an
inflammatory process within the airways. Thus, it was hypothesized that minimally invasive OCT imaging of
tracheas of S Pneumonia infected rabbits, would reveal morphological changes indicative of airway
inflammation when compared to those of controls.

MATERIALS AND METHODS

SLD OCT Prototype

Optical coherence tomography theory has been discussed in detail in previous studies'*****. Briefly, OCT
uses a broadband near-infrared laser light source in which the emitted light is split into sample and reference
beams. The sample beam is directed to the tissue being examined, which is reflected back and combined with
the reflected reference beam that has travelled an equal distance from a reference mirror to create an
interference pattern (Fig 1). The interference signal of the resultant light wave (a combination of the reflected
sample and reference beam) is processed and translated digitally as a gray-scale or false-color map. The
reflected signals at different axial tissue depths are determined by the comparison of the internal tissue surface
reflected distances and the reference mirror as the mirror distance (delay line) is increased and decreased. The
tissue sampling arm probe is then moved laterally, thereby creating a two dimensional image.
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Figure 1: OCT Experimental Setup: Light Reflection Imaging Principle: Light is Emitted from the
Low Coherence Laser Source, Travels to the Target Tissue and is Reflected Off the Surface at
Various Depths. The Incident and Reflected Waves Combine to Create an Interference Pattern,

Indicating the Depth of the Measured Internal Tissue Reflecting Surface.

A simplified diagram of the OCT system we constructed in our laboratory is shown in figure 2. A low
temporal coherence superluminescent diode light source (central wavelength Ao = 1300nm, FWHM A 80nm;
AFC Technologies Hull, Quebec) was connected to a Michelson interferometer which split the light source
into the sample and reference beams. These reflected beams were then recombined at the fiber coupler in the
interferometer, producing an interference pattern that was detected by a photodiode. Signal processing and
data acquisition was accomplished using a computer. Cross sectional images were constructed by repeating
the measurements at adjacent lateral points along a sampling line. Axial line scan frequency was 500 Hz.
Imaging depth was approximately 1~2 mm. Since the OCT light source is not visible, an aiming beam (laser
diode with A=650nm) was coupled to the system to elucidate the exact location of the sampling site.
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Figure 2: OCT Schematic. A schematic depicting the design of the superluminescent diode OCT
prototype system used for these studies. Returning light is recombined at the partially reflecting
mirror and read the photodetor. Results are processed and displayed. The light source of 1310nm
broad band super-luminescent diode with 50 nm bandwidth (FWHM), and theoretical resolution of
10~15pum.

Animal Models

Airway Inhalation Injury Induction. 23 New Zealand white rabbits were inoculated with various quantities of
S. pneumoniae 1.9x10° — 2.4x10° cells using a sterile pediatric suction catheter on an approved protocol from
the Institute of Surgical Research in San Antonio, TX. Animals were monitored at the time of exposure and
24, 48, 72 and 96 hours post exposure via blood work, pulmonary function tests, vital sign data, computerized
tomography scans, and flow cytometry and cultures of bronchoalveolar lavage fluid to confirm diagnosis of
pneumonia. On the fourth day following inoculation, surviving rabbits were sacrificed and their tracheas
excised, placed in isotonic saline packed on ice and sent overnight to the Beckman Laser Institute. Effort was
made to image all specimens as soon as possible, within two days of excision.

The normal control group consisted of 9 total tracheal specimens. Six tracheal specimens that underwent the
same process as the septic tracheas without the inoculation with the S Pneumoniae. Another 3 specimens were
obtained as part of an unrelated study to evaluate acute hemorrhagic shock hemodynamics. The hemorrhagic
shock specimens were used to evaluate whether time lapsed when the tracheas are stored in saline affected the
structure of the trachea. Successive amounts of blood were removed and replaced with saline within a three-
hour period. At the completion of these experiments, the rabbits were sacrificed and their tracheas removed
and maintained in isotonic saline and imaged on site at the Beckman Laser Institute on the campus of the
University of California at Irvine. In the saline stored control group, the tracheas were harvested. The tracheas
were imaged immediately after resection, then stored in saline. Serial OCT images were obtained daily up to
4-5 days post resection to note the effects of saline storage on tracheas mucosal, submucosa.
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Optical Coherence Tomography Imaging

Ex-Vivo Tracheal OCT. Excised tracheas were cut open longitudinally along their musculofibrous
membranes and divided into approximately 2 cm-long sections, each tracheal specimen yielded two samples,
representing upper and lower trachea. Triangular notches were cut into opposite ends of each specimen to
delineate the line of image acquisition, perpendicular to the cartilage rings. The tracheas were secured to
pieces of cork using metal pins placed along their perimeter and covered by a layer of KY jelly to prevent
desiccation during imaging (Figure 3). The tracheas were then placed on a moveable sample platform and a
visible-light guiding beam was used to match the line of image acquisition with the triangular marking
notches. The images constructed were displayed using a logarithmic intensity scale with the most
backscattering areas represented in white and the least backscattering areas in black. The trachea was then
prepared for standard H&E slides for comparison to the OCT images.

Figure 3: Excised tissue set up for OCT imaging.

Histology

Histology of excised tissue was prepared according to standard hematoxylin and eosin (H&E) histological
staining method. OCT images and those of the histological sections were compared. Tissue slide examination
and micrographs were performed with an Olympus BH2 light microscope (Olympus American, Melville,
NY), and recorded using an Olympus DP10 camera (Olympus American, Melville, NY) for a light
microscope and Olympus Digital Microfire 1.0 (Olympus American, Melville, NY).

RESULTS

We constructed a compact prototype OCT unit, which was capable of performing cross-sectional imaging
with an axial and transverse resolution of 10-20 pm in complex airway tissues. 14 mm x 1.3 mm airway
images were acquired and displayed in near “real-time” on a computer screen. High-resolution images of
normal and diseased trachea were obtained using OCT. These images revealed levels of resolution capable of
clearly identifying airway structures.
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OCT images and the corresponding histology sections are shown in figures 4 for both normal and inflamed
trachea. Trachea cartilage (C) was an identifiable landmark seen in OCT imagining which was confirmed
with histology. OCT images were able to distinguish the submucosa (SM) from the lamina propia (LP). Also
observed in both OCT mapping and histology sections were submucosal glands between cartilage rings (B).
A slight variation in tissue structure occurred, with decreased submucosal layer thickness in the histologic
specimens, which was believed to have resulted from tissue desiccation changes after excision and fixation.
Injured trachea obtained from animals inoculated with S. pneumoniae demonstrated a thickened submucosa
that was seen in both OCT imagining and histology.

Normal vs. Septic Inhalation Injury
Trachea

Normal trachea

ISR trachea

Figure 4: Top - Normal control trachea OCT (left) and corresponding standard H&E histology (right)
Bottom - Inhalational injury (ISR) trachea OCT (left) and its corresponding standard H&E histology
(right). Note the thickness of the submucosa as compared to control. Structural elements are
clearly seen in corresponding images. (C - tracheal cartilage; SM — submucosa;

LP - lamina propia B — cartilage rings; G — submucosal glands).
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The average tracheal mucosal layer thickness above the cartilage rings for the control group was 150 +/- 2.5
um micrometers whereas that for the pneumonia group was 228 micrometers +/- 1.7 um). There was a
significant difference (p < 0.005) between the infected mucosal thicknesses and the thicknesses from the other
two control groups. There was no difference between the values obtained from the control hemorrhage vs
intubated control animals (p = 0.50). A dose-response curve shows a weak correlation between the increase in
mucosal thickness with dosage of S Pneumoniae inoculated (Figure 5). There was no significant difference in
upper versus lower tracheal specimens, and storing the tracheal sample in saline for several days had no
impact on image appearance or the thickness of the mucosal and submucosal layers.

Chart Title
1
y = 8E-07x + 0.1664
R?=0.2816
0.75
0.5 -
0.25 .. . /
5 . « 2 ’
0
1000 10000 100000 1000000
Figure 5: Dose response curve for septic tracheal mucosal thickness.
DISCUSSION

These studies confirm the feasibility of high resolution OCT imaging of airway to obtain optical images at
near histologic level in-vivo. Differences in tissue layers of the airway were clearly distinguishable and
corresponded closely to standard H&E images subsequently obtained from the excised tissues.

Studies in our lab have also demonstrated OCT capabilities in upper airway in ex-vivo specimens. There are
many areas of combat casualty airway and thoracic clinical diagnostics and research where OCT may become
useful as resolution improves. With availability of in-vivo high-resolution optical capabilities, responses to
therapy in thoracic injuries and diseases might be better assessed in addition to more rapid and improved
diagnostics. At the current level of resolution (10-20um), tissue layers, mucosa, and airway epithelium can be
readily visualized. Architectural disruptions in diseased tracheal specimens (Fig 4) clearly demonstrated an
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increase in mucosal thickness that suggested tissue damage. Structural changes can also be observed in acute
airway injury, which could make the use of the current OCT technology with bronchoscopy valuable in the
acute trauma setting. In airway burn and toxic inhalation injuries, delineation of submucosal edema,
hyperemia, and blood flow changes by OCT (including use of Optical Doppler Tomography (ODT)
techniques) ***could be a significant adjunct to bronchoscopy for the management of tracheal and bronchial
injury and assessment of response to therapy.

The ability to visualize tissue structures in real-time at a near histologic level resolution opens up a wide range
of potential areas for clinical and research applications for injured soldiers. In the future, when cellular level
OCT resolutions are obtained, even greater uses for OCT in thoracic diagnostic can be envisioned. However,
the depth of penetration of OCT is relatively shallow (1-3 millimetres) and is likely to remain limited by the
degree of scattering inherent in complex biological tissues of the lung and thorax (thus, major advances in
depth of penetration are unlikely). Nevertheless, there are many scenarios in combat casualty medicine in
which surface and near surface high-resolution imaging are of great potential value.

The development of three-dimensional high-resolution OCT probes, endoscopes, and image processing and
display technologies may allow for improved assessment of tissue injury. Further into the future, very small
OCT probes could be designed to fit within needles to allow imaging at depths within tissues and organs with
near real-time histologic resolution capabilities.

SUMMARY

This study has demonstrated the feasibility of high-resolution OCT for examination of airway injury. The
current technology is limited to 10-20um resolutions, and maximum depth of penetration is generally 2-3 mm.
With further improvement in resolution, contrast, acquisition, display and processing, and development of
specific thoracic probes, OCT may offer a significant advance for the diagnosis and treatment of patients with
burn and toxic inhalational injury as well as other airway pulmonary diseases.
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